The coupled processes of intermolecular photoinduced forward electron transfer and geminate recombination between the ͑hole͒ donor ͑Rhodamine 3B͒ and ͑hole͒ acceptors ͑N,Ndimethylaniline͒ are studied in three molecular liquids: acetonitrile, butyronitrile, and benzonitrile. Two color pump-probe experiments on time scales from ϳ100 fs to hundreds of picoseconds give information about the depletion of the donor excited state due to forward electron transfer and the survival kinetics of the radicals produced by forward electron transfer. The data are analyzed with a model presented previously that includes distance dependent forward and back electron transfer rates, donor and acceptor diffusion, solvent structure, and the hydrodynamic effect in a mean-field theory of through solvent electron transfer. The forward electron transfer is in the normal regime, and the Marcus equation for the distance dependence of the transfer rate is used. The forward electron transfer data for several concentrations in the three solvents are fitted to the theory with a single adjustable parameter, the electronic coupling matrix element J f at contact. Within experimental error all concentrations in all three solvents are fitted with the same value of J f . The geminate recombination ͑back transfer͒ is in the inverted region, and semiclassical treatment developed by Jortner ͓J. Chem. Phys. 64, 4860 ͑1976͔͒ is used to describe the distance dependence of the back electron transfer. The data are fitted with the single adjustable parameter J b . It is found that the value of J b decreases as the solvent viscosity increases. Possible explanations are discussed.
I. INTRODUCTION
Liquids are an important medium for electron transfer processes. In spite of the ubiquity of liquids, understanding photoinduced electron transfer between donors and acceptors in liquids remains a challenging problem. Diffusion of donors and acceptors in liquids masks the direct observation of rates of electron transfer reactions, making the elucidation of the distance dependent transfer rates a difficult task. Examination of the back transfer process ͑geminate recombination͒ is further complicated because the distribution of radical pair distances is not random but rather determined by the dynamics of the forward transfer process. Measured kinetic curves correspond to the electron transfer kinetics convolved with the transport processes for donor and acceptor. Consequently, to compare theoretical models of the electron transfer with experiments, the appropriate model for the transport in solutions has to be included.
Molecular dynamic and quantum chemistry simulations can be used to create a complete description of the electron transfer process in the solution. However, this approach requires considerable computational resources and so far has not been extended further than tens of picoseconds. 1 Moreover, one is frequently interested in long-term products of chemical reactions, such as the radical escape probability in the electron transfer reaction. In such situations the precision of molecular dynamics simulations is unnecessary, because the only process that happens is the transport of molecules out of the reaction region, and the continuum description provided by the diffusion equation is sufficient. Models based on analytical descriptions of distance dependence of electron transfer and the diffusion equation employ easily accessible parameters of the system studied, such as concentrations, solvent viscosity, and reduction and oxidation potentials of the solutes. Due to the accessibility of these parameters, the continuum-based models can be widely applicable.
For chemical reactions in liquids the relative motion of the reactants and the products needs to be considered. The simplest description of the solvent as an unstructured continuum with freely and independently diffusing particles was found to be inadequate. Attempts to model the kinetics of simplest chemical reactions such as molecular iodine dissociation-recombination encountered a variety of difficulties. 2 More elaborate descriptions of the solvent take into account the correlations in molecular positions as well as the state of their motion. Correlations in particle positions can be introduced through the pair correlation function g͑r͒. Interactions between solvent molecules, responsible for the appearance of solvent structure, also affect the relative motion of the solvent. It was found that the microscopic mechanism of the diffusion in the liquid is cooperative. [3] [4] [5] The manifestation of these correlations among molecular pairs is expressed through the introduction of the distance dependent mutual diffusion coefficient D͑r͒.
geminate recombination can take place. Details of the spatial distribution of the radicals involved in the back electron transfer reaction depend sensitively on the parameters of the forward electron transfer. As a consequence, forward electron transfer and geminate recombination kinetics become intrinsically coupled. Previously, the ability of a theoretical model based on the Smoluchowski diffusion equation to correctly describe the process of the photoexcited forward electron transfer in a variety of solvents from subpicosecond to nanosecond time scales has been demonstrated. 8, 9 The combined theory of forward electron transfer and geminate recombination was tested once for times Ͼ100 ps and demonstrated good agreement with experiment. 10 In this paper we present experimental data on photoinduced forward electron transfer and geminate recombination in simple polar liquids studied by pump-probe spectroscopy with subpicosecond time resolution. The solvents employed in the study are acetonitrile, butyronitrile, and benzonitrile-a sequence of polar, nonhydrogen bonding liquids of increasing viscosity. The donor-acceptor electron transfer system studied is Rhodamine 3B ͑R3B͒-N,Ndimethylaniline ͑DMA͒. Photoexcited R3B + ͑R3B * ͒ accepts an electron, while DMA donates the electron. The R3B + concentration is much smaller than the DMA concentration, and R3B + photoexcitation serves as a trigger for the reaction. Consequently, we call R3B the donor ͑hole donor͒ and DMA the acceptor ͑hole acceptor͒. Once the donor undergoes photoexcitation, the sequence of events depicted in Fig. 1 follows. If there is no acceptor nearby, the donor returns to the ground state through the process of spontaneous emission or nonradiative relaxation. Otherwise the donor-acceptor pair undergoes a charge transfer process with a distance dependent rate constant k f ͑r͒. Once the charge has moved to the acceptor, the competition between charge recombination and radical escape takes place. If the rate of the charge recombination k b ͑r͒ is high enough, most of the radical pairs formed by forward transfer undergo geminate recombination. On the other hand, it is possible for some radical pairs to diffuse apart, resulting in a long-lived population of radicals. Below, the processes of forward electron transfer, geminate recombination, and radical escape will be studied with experiments and theory.
II. THEORY
For any donor-acceptor pair, the rate coefficient of the electron transfer reaction is experiencing fluctuations due to the random motion under the influence of solvent. This makes the rate equation stochastic, which influences the macroscopic behavior of the process. Both molecules diffuse, rarely coming into contact. Due to the short range nature of the electron transfer process, the rate is negligible at most distances, but once molecules come into close proximity, the rate of the forward electron transfer as well as the back electron transfer can be substantial.
The following illustrates the general approach to the statistical description of this problem. Consider a single donor and acceptor pair in the solvent. The kinetic equation that describes the evolution of population of this pair is given by
where k f ͑r DA ͒ and k b ͑r DA ͒ are the time dependent forward and back electron transfer rates that both depend on relative position r DA ͑t͒ of the donor-acceptor pair. P ex is the time dependent probability of finding the donor excited state, and P CT is the time dependent probability of finding the system in the charge transfer state. The random relative position of the donor-acceptor pair satisfies the stochastic Langevein equation, which in simplified form can be written as
where is the friction coefficient of the fluid, U͑r DA ͒ is the potential of the mean force, and ͑t͒ is the noise function due to the random forces exerted by the solvent molecules. The friction coefficient and the noise term are related through the fluctuation-dissipation theorem,
where k B is the Boltzmann constant, and T is the temperature. Equation ͑2͒ was obtained by an analysis of the full dynamics of a two solute-solvent system by Deutch and Oppenheim.
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Consequently the averaged behavior of the single donoracceptor pair can be found in several steps: ͑1͒ the set of all possible paths satisfying the Langevein equation ͓Eq. ͑2͔͒ is found; ͑2͒ along each random trajectory the system of kinetic equations ͓Eq. ͑1͔͒ is solved; and ͑3͒ solutions are averaged over all possible trajectories. The statistical average over all trajectories of all donor-acceptor pairs is a nontrivial problem that can be solved using the path integral formalism. 12, 13 Lin et al. have introduced a mean-field treatment of the forward electron transfer-geminate recombination process in solid solution, where the donor and multiple acceptors are immobile. 14 The starting point for the liquid solution problem is their treatment for solid solution. Rate equations describing a single donor surrounded by a set of n acceptors are 
For every specific configuration, this system of equations can be solved, and the decay of the excited state and the population of the charge transfer state as a function of time are obtained. The quantities of interest are the excited state survival probability P ex ͑t͒ and the charge transfer state ͑radical͒ survival probability P CT ͑t͒ = ͚ i=1 n P CT i ͑t͒. Both of these quantities have to be averaged over the static distribution of donor-acceptor distances, with the average performed for P CT depending on the results obtained for P ex .
An ensemble average of the equation for the excited state survival probability was carried out by Inokuti and Hirayama ͑IH͒ for solid solution treated as a continuum without excluded volume. 15 Later, IH theory was generalized by Huber to explain the appearance of stretched exponential relaxation in a variety of systems. 16 To obtain the ensemble averaged equations of Lin et al. 14 several assumptions have to be made. The solution of the first equation in Eq. ͑4͒ is taken to be independent of the second equation. Using the IH approach the first equation is averaged, and the excited state survival probability ͗P ex ͑t͒͘ is obtained. ͗P ex ͑t͒͘ is substituted into the second equation of Eqs. ͑4͒.
Assuming that all acceptors have statistically identical kinetics, it is possible to write the rate equation for the "typical" acceptor,
and average over the distribution of acceptors. Employing these two assumptions, statistical independence of forward-backward transfer and statistical homogeneity of acceptors, the "mean-field" approximation of the electron transfer and geminate recombination in solid solutions is derived.
The solid solution model forms the basis for the extension to liquid solution. 10, [17] [18] [19] [20] [21] The excited state survival probability is given by
where , C, and R m denote the donor lifetime, acceptor concentration, and the donor-acceptor contact distance ͑sum of their radii͒, respectively. g͑r 0 ͒ is the radial distribution function that determines the distribution of donor-acceptor distances. S ex ͑t ͉ r 0 ͒ is the survival probability, that is, the probability that the donor is still in the excited state at time t if it was initially excited at t = 0 and at the distance r 0 from the acceptor for system with a single donor-acceptor pair. Equation ͑7͒ is the result of the statistical averaging over all possible initial donor-acceptor separations. The excited state survival probability for the single donor-acceptor pair satisfies the following diffusion equation with associated initial and boundary conditions:
where the k f ͑r 0 ͒ is the distance dependent electron transfer rate, and L r 0 + is the adjoint of the Smoluchowski operator,
V͑r 0 ͒ is the potential. Here it is the potential of the mean force because there are no Coulomb interactions between the donor and acceptor prior to or following electron transfer. Other forms of the potential can be employed. 10 D͑r 0 ͒ is the distance dependent diffusion coefficient. The potential of the mean force is needed to give the correct description of the equilibrium donor-acceptor distribution, and it is expressed through the radial distribution function V͑r 0 ͒ =−ln͑g͑r 0 ͒͒. The initial condition S ex ͑0 ͉ r 0 ͒ = 1 implies that after the instantaneous excitation the donor is in a well-defined excited state, independent of the position of the acceptor molecule ͑no exciplex formation͒. For very low concentration of donors, relatively low concentration of acceptors, and the nature of the molecules used in the experiments, this is an excellent assumption. However, when the donor is dissolved in a solvent that is the acceptor, the charge transfer process can be influenced by the formation of the exciplexes, 22, 23 The second boundary condition in Eq. ͑7͒ indicates that it is impossible for donor and acceptor molecules to approach each other closer than the contact distance R m = R d + R a , where R d and R a are radii of the donor and acceptor, respectively. The boundary condition on the right indicates that the depletion of the acceptors can be neglected on the time scale of the experiment.
Once the charge is transferred to the acceptor, there are two competing processes: geminate recombination and radical escape ͑the radical pair becomes separated and geminate recombination does not occur͒. The probability of finding the system in the charge transferred state is given by
S CT ͑t ͉ r 0 ͒ is the survival probability of the charge transferred state for the single donor-acceptor pair problem, that is, the pair is still in the charge transfer at time t if it was created at t = 0 with the donor-acceptor distance r 0 . S CT ͑t ͉ r 0 ͒ satisfies the equation, analogous to Eq. ͑8͒ with the appropriate initial and boundary conditions,
where k b ͑r 0 ͒ is the rate of the electron transfer from acceptor back to the donor.
III. EXPERIMENTAL PROCEDURES
To elucidate the kinetics of the forward and backward charge transfers, we need to measure the kinetics of two species: the photoexcited R3B + , which serves as a donor, and either R3B 0 ͑neutral radical͒ or DMA + , the radical products of the forward charge transfer reaction. Because DMA in both its neutral and positively charged states has a small extinction coefficient, 24 the time resolved kinetics of R3B + and R3B 0 were studied. Time resolved pump-supercontinuum probe spectra of the R3B-DMA solution in acetonitrile are shown on Fig. 2 . The solid curve corresponds to the spectrally resolved pumpprobe difference spectrum ͑difference between spectra with and without the pump pulse͒ of the donor R3B * without acceptors, and the dashed curve is the difference spectrum with DMA in the solution. Analysis of these two spectra makes it possible to extract kinetic information for the electron transfer system. R3B
* is used to monitor the forward transfer, and R3B 0 is used to monitor the back transfer. The important simplifying feature of the spectra is that the wavelength region longer than 620 nm only has a contribution from the stimulated emission of the R3B * . Therefore, this region can be used to monitor its kinetics. Using the R3B * kinetics, it is possible to eliminate the contribution of R3B * from the time resolved spectra and obtain the R3B 0 kinetics. To obtain the R3B 0 kinetics, the pump-probe signal of R3B * without DMA is scaled to the signal of the R3B-DMA mixture in the wavelength region longer than 620 nm. The scaling factor is used to scale the spectrum of R3B * without DMA, which is then subtracted from the R3B-DMA mixture signal. The resulting spectrum is the contribution of the charge transferred state ͑R3B 0 radical͒ to the pump-probe signal, shown as the dotted curve in Fig. 2 . To obtain the kinetics at every time separation between pump and probe, one compares the spectrum of R3B * with DMA against the "ruler," the spectrum of the R3B * without acceptors. In practice, it is only necessary to measure the data on the two samples at two wavelengths: one in the stimulated emission region ͑620 nm͒ and one that has radical absorption.
This procedure can be formalized in the following way. There are four major R3B contributions to pump-probe spectrum: the ground state bleach ͓͑GSB͒-depletion of the ground state of R3B + ͔, R3B + excited state absorption ͑ESA͒, stimulated emission ͑STIM͒, and absorption of the charge transfer ͑CT͒ neutral radical R3B 0 .
͑12͒
The pump-probe signal at any wavelength is determined by the concentrations of the photoactive species and their molar extinction coefficients,
͑13͒
The first negative term in Eq. ͑13͒ reflects the contribution to the GSB because R3B + s are in the excited state. The second negative term is the contribution to the GSB because of the generation of CT neutral R3B 0 radicals. Wavelengths longer than 620 nm correspond to the stimulated emission of the excited state of R3B + . Consequently, the measurement in this wavelength range allows us to determine the concentration of the photoexcited charge donors.
Once the concentration of the photoexcited R3B + is known, the contribution from the excited state R3B + ͑ground state bleach and excited-state-excited-state absorption͒ can be eliminated from the spectrum. The rest is the signal proportional to the charge transfer state R3B 0 . Because of the scaling procedure there is no need to know the extinction coefficients of various states. It was found that the wavelength that gives the maximum signal for the charge transfer state ͑radicals͒ is 565 nm ͑see Fig. 2 , short dash curve͒, the maximum of the ground state bleach produced by radical generation. Therefore, the time dependent signal of the R3B 0 radical state can be found using the following equation:
where S A is the time resolved pump-probe signal for a sample with acceptors, and S 0 is signal for the sample without acceptors. The wavelengths in nanometer are shown in the parentheses. The experimental difficulty in the measurements lies on the fact that we measure small concentrations of the charge transfer radical, given by Eq. ͑15͒, which is obtained as a difference between two rather large signals. Thus, it is necessary to measure each of these signals with very high accuracy, taking care to avoid problems of long-term drifts of pump and probe beams for the samples with and without electron acceptor. To improve the sensitivity of the measurement, single color two color pump-probe measurements were used. The scheme is shown in Fig. 3 . The probes ͑565 and 620 nm͒ propagate collinearly. The measurements were carried out in a manner to eliminate correlated noise. Instead of additive, noise became multiplicative and did not cause significant degradation of the weak radical signal. Samples with and without acceptors were regularly interchanged under computer control to update the ratio S 0 ͑565, t͒ / S 0 ͑620, t͒, which is also sensitive to drifts in pump-probe overlap. Pump-probe experiments were performed at the magic angle to avoid the influence of molecular reorientation.
The output of a Ti:sapphire oscillator/regenerative amplifier was used to pump an optical parametric amplifier ͑OPA͒ at 1 kHz repetition rate. The signal output of the OPA at 1.9 m was summed with a portion of the output of the region, giving a pump pulse at 565 nm. The idler output of the OPA at ϳ1.25 m was frequency doubled to give a probe beam at ϳ620 nm, a wavelength in the range of the stimulated emission of Rhodamine 3B.
IV. RESULTS
The experimental approach described in the previous section provided measurements of both excited state and the charge transferred state ͑radical͒ concentrations. The forward electron transfer kinetics and the geminate recombination have common qualitative features in all of the three solvents. We will discuss these using the kinetics in the butyronitrile solvents as an example. The quantitative analysis in all of three solvents will be presented in the next section. Figure  4͑a͒ illustrates the kinetics of the electron transfer process in the butyronitrile for 3 ps, a relatively short time period. The Gaussian curve centered at t = 0 is the instrument response with a full width half maximum of 200 fs. It is the cross correlation between the 565 nm pump pulse and the 620 nm probe pulse. The cross correlation time limits the resolution of the experiment. Figure 4͑b͒ shows forward electron transfer on an extended time scale. In Figs. 4͑a͒-4͑c͒ , the top curve shows the excited state lifetime of R3B * in butyronitrile, which is 1.2 ns. The other curves show the kinetics of the forward electron transfer in the presence of acceptor concentrations: 0.17M, 0.27M, 0.48M ͑top to bottom͒. The higher the concentration of acceptors, the faster the decay of the excited state due to increased electron transfer. The log scale plot of the excited state kinetics ͓Fig. 4͑c͔͒ shows two regions. The first region, up to ϳ20 ps, displays nonexponential kinetics, which corresponds to forward electron transfer with one or more acceptors in close proximity to a donor at t = 0. The electron transfer at short time does not involve significant change in relative position ͑non-stationary͒. After ϳ20 ps, the kinetics of the electron transfer is mainly diffusion controlled. The decays appear exponential, but the decay is dependent on the concentration of acceptors. Previous experiments of this type began at ϳ50 ps. 9 The kinetics of the electron transfer state P CT ͑t͒ in butyronitrile are shown in Figs. 5͑a͒ and 5͑b͒ on two time scales. The rapid rise of P CT ͑t͒ and rapid decay of P ex ͑t͒ correspond to the electron transfer in closely spaced donor-acceptor pairs. The charge transfer signal reaches its maximum at ϳ5 ps. Up to that time, the rate of the forward electron trans- fer exceeds the rate of the geminate recombination. The position of the P CT ͑t͒ maximum is independent of the acceptor concentration in the concentration range used in the experiment. After ϳ5 ps, the geminate recombination rate exceeds the forward electron transfer rate. It can also be seen that the forward electron transfer and the recombination kinetics slow down as time increases. At short times, donors that happen to have acceptors close by rapidly undergo forward electron transfer that produces a radical pair with small separation. For such closely spaced radical pairs, back transfer is rapid and there is little probability that they will diffuse apart prior to geminate recombination. For donors that do not have nearby acceptors, forward transfer will be slower, and more widely separated radical pairs are produced. Geminate recombination will be slower, and there will be increased probability that the pair will diffuse apart before recombination can occur. Figure 6 displays the data for the forward electron transfer and the radical kinetics in butyronitrile. The experimental curves are offset for clarity ͑top curves: 0.48M, middle curves: 0.27M, and bottom curves: 0.17M͒. The amplitudes of each pair of curves have been scaled to match at ϳ100 ps. There are two time regimes again. At short times the kinetics are dominated by the initial donor-acceptor spatial configurations; the donor-acceptor diffuse flow has not reached steady state. In this regime, the forward electron transfer ͑up-per curve in each pair at short times͒ dominates the geminate recombination. At longer time, the kinetics of the radicals formed by forward transfer follows rather closely the excited state kinetics. In the three-dimensional space it is possible for the radical pairs to escape recombination, although the exact probability of escape depends on the details of the radical pair interaction. The highest concentration curve ͑0.48M͒ displays evidence that there is some escape. From the data, the upper bound on the probability of escape can be placed at 5% of the initial excited donor concentration.
V. COMPARISON TO THEORY
First, the forward electron transfer kinetics will be analyzed quantitatively using Eqs. ͑7͒-͑11͒. To create an accurate quantitative model the electron transfer rate, structural, and transport properties of the solvent have to be known.
The forward electron transfer rate was modeled using the Marcus equation [25] [26] [27] [28] 
s ͑r͒ is the solvent reorganization energy,
where o and s are the optical and static dielectric constants, respectively; r d and r a are the donor and acceptor radii, respectively; 0 is the permittivity of free space; e is the charge of the electron; i = 0.10 eV is the inner sphere reorganization energy, Ref. 9 . The free energy of the electron transfer reaction ⌬G f was obtained from electrochemical measurements 9 and corrected for the specific dielectric constants of the three solvents. The distance dependence of the forward electron transfer rate is characterized by the parameter ␤ f , which was fixed at 1 Å for the three solvents, a typical value through solvent electron transfer. [28] [29] [30] [31] [32] The structural and transport properties of the solvent are described by the pair distribution function and the distance dependent diffusion coefficient. The pair distribution function of the solvent was estimated using Percus-Yevick method, in the hard sphere approximation. [33] [34] [35] [36] A packing fraction of hard spheres of 45% was used because molecular dynamic simulations predict values between 43% and 48% for dense, room-temperature liquids. [37] [38] [39] The solvent contact distance was obtained by scaling the solvent contact distance of the acetonitrile using density and molecular weight of the solvent. The packing fraction of the solvent was assumed to be the same. It has been demonstrated that the solute radial distribution function tracks that of the solvent for relatively low solute concentrations. 40 Therefore, the radial distribution function of the solvents was used but adjusted for the donoracceptor contact distance, which is the sum of the R3B and DMA radii of 4.12 and 2.75 Å, respectively. A detailed discussion of the radial distribution function as used in the determination of donor-acceptor electron transfer in solution has been given. 17, 18 The mutual diffusion coefficient for the donor-acceptor pair was found by scaling the value 438 Å 2 / ns found previously by the solvent viscosity. 9 The mutual diffusion coefficients used in the calculations are shown in the Table I. The diffusion coefficient of an ion in a polar liquid is well described by the Stokes-Einstein equation
where R is the radius of the diffusing ion. Once electron transfer has occurred the donor becomes neutral and its diffusion constant increases. In contrast, the acceptor goes from neutral to charged and its diffusion slows down. To determine the value of the diffusion coefficient after the electron transfer event, the Spernol-Wirtz correction 41, 42 for the Stokes-Einstein equation was used.
where f SW is the Spernol-Wirtz correction factor. To obtain the correction for the diffusion coefficients, melting and boiling temperatures of the solute and solvent have to be known. Solvent melting and boiling temperatures are shown in the Table I . Boiling and melting temperatures for DMA are T m = 2.5°C and T b = 194°C. 43 We were unable to find melting and boiling temperatures of R3B, instead we have used parameters of geometrically similar 9-phenylanthracene molecule, T m = 154°C ͑Ref. 44͒ and T b = 417°C ͑Ref. 45͒. For both solute molecules we determined the Spernol-Wirtz correction factors in all of the solvents. These factors are close in magnitude. By our estimates the neutral molecule has the diffusion coefficient approximately 2.8 times larger than its ion. At the same time the mutual diffusion coefficient becomes only 15%-20% smaller after electron transfer. Before the electron transfer, the mutual diffusion is determined primarily by the diffusion coefficient of smaller, neutral DMA.
After the electron transfer, the diffusion coefficient of DMA decreases and becomes approximately equal to that of the neutral R3B. Consequently, the change in the value of the mutual diffusion coefficient is not dramatic. The distance dependence of the diffusion coefficient was described by the expression developed by Northrup and Hynes, 46 
D͑r͒
where r c is the donor-acceptor contact distance, and is the solvent diameter. The values of all of the input parameters for the three solvents are given in Table I . With these input parameters, the only unknown parameter is the donor-acceptor electron coupling J f and, as discussed below, J b for the back transfer. Figure 7 shows the forward transfer data and fits to the data for the three solvents ͓acetonitrile, butyronitrile, and benzonitrile ͑top panel to bottom panel͔͒ in two forms. The first column shows the data for the three solvents as taken. The top curve in each panel in the first column is the R3B * lifetime decay in the absence of acceptors. The other three curves in each panel are for the three concentrations ͑top to bottom͒ 0.17M, 0.27M, and 0.48M. Each panel also has the result of the simultaneous fits to the three concentrations. The calculated curves are in excellent agreement with the data. The J f values that produced the fits for the three solvents are J f = 225, 231, and 210 cm −1 for acetonitrile, butyronitrile, and benzonitrile, respectively. Within experimental error, these values are the same. The matrix element J f reflects the magnitude of the electronic interaction between the donor and acceptor at contact. It would be expected to be relatively insensitive to changes in the series of relatively similar solvents. Although the solvents are similar, the diffusion constants, dielectric constants, and radial distribution function vary with solvent. The fact that all of the data could be fitted, the three acceptor concentrations in each of three solvents, with a single adjustable parameter over a substantial range of times, shows that the theoretical description of forward electron transfer works well.
Another way of assessing the efficacy of the theory is shown in the second column of Fig. 7 . There is a scaling relationship with concentration for the theoretical curves given in Eq. ͑20͒. Radical pair ͑R3B − DMA + ͒ diffusion constant.
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where f͑t͒ is independent of concentration. If the data are plotted in this manner, the curves for the various concentrations should be superimposable. Second column of Fig. 7 shows the data for each solvent with the three acceptor concentrations plotted as f͑t͒. In addition, the calculated curve, the right hand side of Eq. ͑20͒, is also shown. While not absolutely perfect, the data do display the scaling behavior of Eq. ͑20͒, and the calculated f͑t͒ describes the scaled data well. The scaling behavior supports the theoretical model for forward transfer.
Geminate recombination is more difficult to deal with both experimentally and theoretically. As discussed above, the radical concentration kinetics must be extracted from the populations of ground state and excited state species. The back transfer kinetics is exceedingly sensitive to the spatial distribution of radical pairs generated by the forward transfer. Therefore, even small errors in the description of the forward transfer can lead to large uncertainties in the description of the geminate recombination. In addition, geminate recombination occurs in the inverted regime; the Marcus form of the transfer rate given in Eq. ͑16͒ underestimates the rate of the electron transfer. The tunneling mechanism becomes important: to model the distance dependent back electron transfer rate, a treatment developed by Jortner was employed, 47, 48 
with S = V / h. Using Eq. ͑21͒ to model the distance dependence of the back transfer adds extra parameters that have unknown values. To avoid introduction of a rather large number of fitting parameters, we have chosen typical values for the mean quantum mode's frequency = 1550 cm −1 , the reorganization energy of the vibrational mode v = 0.4 eV, and ␤ b = 1 Å, respectively. Therefore, there is again a single adjustable parameter, J b . A mean frequency of 1550 cm −1 corresponds to a typical aromatic stretch, while v values between 0.2 and 0.6 eV are reasonable for aromatic molecules such as Rhodamine 3B and DMA. 31, 49 If the model takes into account all the processes on all the time scales, it should be possible to fit the kinetics of the electron recombination at different DMA concentrations and in different solvents using the same value of the back electron transfer coupling constant. The radical recombination data and the fits to the data are shown for the three solvents in Fig. 8 . The top, middle, and bottom panels are for the solvents acetonitrile, butyronitrile, and benzonitrile, respec- tively. The data for the three concentrations of DMA ͓0.17M, 0.27M, and 0.48M ͑top to bottom͔͒ have been offset along the vertical axis for clarity. For each solvent, the three curves in each panel ͑top to bottom͒ have their zero radical concentrations at 0.01, 0.005, and 0.0 on the vertical axis. The quality of the fits is reasonably good, although it is not nearly as good as those found for the forward electron transfer. The theoretical fits show deviations from the experimental data, particularly at short time. The quality and consistency of the fits with concentration are significantly better for acetonitrile than for the other two solvents.
The fits to the geminate recombination data which yield the matrix elements are J b = 110, 53, and 30 cm −1 in acetonitrile, butyronitrile, and benzonitrile, respectively. In contrast to the forward transfer data, the back transfer fits are not as good and do not yield the same values of J b in each solvent. One possible explanation for the change in value of J b with solvent involves the role of the dependence of the rate of electron transfer on the relative orientation of the radical pair. In both the forward and back transfer theories R3B * , DMA ͑donor and acceptor͒, R3B, and DMA + ͑radical pair͒ are all treated as spheres. In the model, there is no angular dependence to the electronic interaction matrix element. The forward transfer process begins with the donors and acceptors having a random distribution of orientations and a very broad range of separations determined by the radial distribution function. Some of the orientations are undoubtedly more favorable than others, that is, the electronic interaction is a function of angles. However, all angles are present, and while orientational relaxation will take unfavorable orientations into favorable orientations, it will also take favorable orientations in unfavorable ones. In a theoretical study of forward electron transfer, the combined influence of a distribution of distances and orientations without orientational and spatial diffusion was examined. 50 It was found that the time dependence of electron transfer with both angular and distance dependent transfer rates was not significantly different in functional form from the time dependence with a distance dependence only if the distance dependent parameters were changed only slightly. 50 In the absence of an exact knowledge of the distance dependences, the orientational dependence was washed out. Therefore, it is unlikely that it would be possible to observe the influence of orientations on forward electron transfer when the rate of orientational relaxation changes from one solvent to another because of differences in viscosity.
However, the situation for the geminate recombination of radical pairs is quite different from the forward transfer. The distribution of distances and orientations of the radical pairs formed by forward transfer will be determined by the distance and orientation dependence of J f . The radical pairs will tend to be close together and have the orientations that were most favorable for forward transfer. If the angular distribution formed in the forward transfer process is not the most favorable distribution for the geminate recombination, then orientational relaxation could increase the rate of back transfer by taking radical pairs from unfavorable configurations to more favorable configurations. For such a process to be important, orientational relaxation would need to be faster than or at least on the time scale of geminate recombination. Table II lists the orientational relaxation times for DMA and R3B calculated with the Debye-Stokes-Einstein equation
where r is the orientation relaxation time, is the solvent viscosity, and V is the volume with the molecules approximated as spherical, which is adequate for our purposes. The orientational relaxation times differ substantially for the three solvents. While the orientational sampling cannot be ruled out, the orientational relaxation times are relatively slow. The orientational relaxation of R3B in all three solvents is too slow to play a role. The fastest orientational relaxation time is 73 ps for DMA in acetonitrile. In all three Acetonitrile  70  260  Butyronitrile  130  450  Benzonitrile  260  880 solvents, Ͼ50% of the geminate recombination has occurred in Ͻ50 ps. The range of angles sampled at relatively short times in the three solvents decreases as for the solvent viscosity increases. This is the same trend as for the J b 's. Therefore, it is possible that the decrease in J b 's with increasing solvent viscosity is the result of a time dependent angular dependence of the transfer rate that has the effect of decreasing the angle averaged J b as the rate of orientational relaxation slows.
Another time dependent effect that is not taken into account explicitly in the theory is the longitudinal relaxation of the solvent that occurs following forward electron transfer. Prior to electron transfer, R3B
+ is positively charged and DMA is neutral. Following electron transfer, R3B is a neutral radical and DMA + is a positive radical. The longitudinal relaxation time L of the solvent, that is, the time for the solvent to fully solvate the change in the charge distribution, can be calculated approximately using
where o and s are the optical and static dielectric constants, respectively, and D is given in Eq. ͑22͒. In Eq. ͑21͒, ⌬G b is the equilibrium value obtained from the optical transition energy and ⌬G f , which was determined electrochemically. Following the forward transfer, it will take ϳ L to obtain the equilibrium value. At shorter times, ⌬G b will be larger than the equilibrium value, and systems will be farther into the inverted regime, which should reduce the rate of geminate recombination. Table III gives the estimates of L for the three solvents and the parameters used to calculate them. The viscosities are in Table I . The L 's fall in a range that could produce a significant solvent dependence that would be manifested in the fitting as differences in J b 's. In acetonitrile, most of the geminate recombination is on the time scale of or significantly slower than L . Butyronitrile is intermediate, and in benzonitrile, most of the geminate recombination occurs at times less than L . In contrast to the orientational relaxation times, the longitudinal relaxation times span the range of times that could be responsible for the trend observed in the J b 's. It is important to note that there is also a very fast ͑hundreds of femtoseconds͒ inertial component to the solvation following electron transfer. This component would be expected to be larger and faster in acetonitrile 52 and become progressively smaller and slower as the solvent viscosity increases. Therefore, in acetonitrile, the geminate recombination will essentially occur with the equilibrium value of ⌬G b . This may explain why the quality of the fits for the data taken in acetonitrile is much better than for the other two solvents where solvation is occurring on the time scale of the geminate recombination. While consideration of the differences in solvation is suggestive, it is certainly not conclusive and other solvent dependent properties, such as the mean quantum mode's frequency in Eq. ͑20͒, could change with solvent.
VI. CONCLUDING REMARKS
In this paper we have addressed the coupled problems of forward electron transfer and geminate recombination in liquid solutions. Dilute R3B + was photoexcited and acted as the hole donor to DMA ͑hole acceptor͒ in several concentrations in three solvents. Using transient absorption to observe the simulated emission and ground state bleach of R3B + , it was possible to follow both the forward electron transfer to produce radicals and the recombination of the radicals. The forward transfer process is in the normal regime of electron transfer. The radicals formed by electron transfer display a long-lived component, and analysis shows that a few percent of the radicals escape geminate recombination in spite of the fact that forward electron transfer has a very limited spatial extent and occurs mostly between donors and acceptors that are in close proximity.
A statistical mechanics theory was applied to the data to determine if the dynamics could be described with the model that had previously been tested on longer time scales ͑Ͼ50 ps͒ for forward electron transfer in a variety of solvents 9 and only once for geminate recombination in a single solvent. 10 The theory includes 10 the distance dependence of the transfer rate, diffusion of the donors and acceptors, the radial distribution function that describes the concentration of acceptors near a donor, and the hydrodynamic effect ͑donor-acceptor separation dependence of the diffusion constant͒. In fitting the forward electron transfer data a single adjustable parameter was used, J f , the electronic coupling matrix element at donor-acceptor contact. It was possible to fit three concentrations in each of three solvents with a single value of J f ͑220± 10 cm −1 ͒ within experimental uncertainty. The agreement between the calculated curves from the fits and the data was very good.
The theoretical description of the geminate recombination is more complex with more uncertainties. The geminate recombination dynamics are exceedingly sensitive to the spatial distribution of radical pairs formed by the forward transfer process. Even a small error in the description of the forward transfer can lead to substantial errors in the geminate recombination calculation. The agreement between theory and data was reasonable but not excellent. The shapes of the curves were approximately correct, particularly for the data taken with acetonitrile as the solvent. For each solvent, it was possible to fit the data from samples with different acceptor concentrations with a single adjustable parameter, J b , the electronic coupling matrix element at contact between the radicals. However, each solvent gave a different value of J b , with J b decreasing as the solvent viscosity increased. Possible explanations for the differences in J b with solvent were discussed.
In previous experiments that examined forward transfer in liquids 9 and geminate recombination 10 the time scale of the measurements, Ͼ50 ps, resulted in diffusion controlling most of the dynamics, although it was still necessary to use a distance dependent transfer rate, diffusion, the radial distribution function, and the hydrodynamic effect to describe the data. In the experiments presented here, measurements examined the dynamics from ϳ200 fs to hundreds of picoseconds. In the very short time regime, the forward electron transfer is dominated by the essentially static distribution of donors and acceptors that exist at the time of the excitation pulse. The forward transfer that occurs at short times is to nearby acceptors, producing closely spaced radical pair. The closely spaced radical pairs undergo rapid geminate recombination. As can be seen in Figs. 5, 6, and 8, a great deal of the geminate recombination occurs at times Ͻ50 ps. The very good agreement between theory and experiments for the forward transfer and the reasonable agreement for geminate recombination demonstrate that the theory can describe electron transfer kinetics for both very closely spaced initially static donor-acceptor distributions and the longer time scale diffusion controlled distance distribution.
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